1. Introduction {#sec0005}
===============

Diagnostic imaging of lymphatic vessels and lymph nodes (lymphography) together with surrounded blood vessels (angiography) is relevant for clinical management of many diseases, including cancer and lymphedema \[[@bib0005], [@bib0010], [@bib0015]\]. Current methods for assessing the vascular and lymphatic systems, such as microscopic computed tomography (micro CT), magnetic resonance imaging (MRI), positron emission tomography (PET) and single photon emission computed tomography (SPECT) provide deep imaging of tissues *in vivo*. However, each of them possesses considerable limitations. For example, CT and MRI often require systemic introduction of high doses of contrast agents that might be toxic for a human \[[@bib0020], [@bib0025], [@bib0030], [@bib0035]\]. High-energy photon imaging, such as PET and SPECT, as well as conventional lymphoscintigraphy require introduction of radioactive tracers that increase health risks for patients and operators \[[@bib0020],[@bib0025]\]. Furthermore, prolonged image capturing and post-processing time of these methods make them not optimal for real-time imaging, that is important for monitoring highly dynamic processes including dissemination of cells, drugs and probes by fast blood and lymph flows. Emerging clinical near-infrared (NIR) fluorescent lymphography is supposed to minimize aforementioned limitations because it uses local injection of contrast agent (e.g. indocyanine green (ICG)) that is less toxic than systemic administration \[[@bib0040], [@bib0045], [@bib0050]\]. However, ICG-based NIR lymphography allows the efficient imaging of lymphatic vessels, but not blood vessels due to absorbance of ICG fluorescence by hemoglobin.

The reliable alternative for methods described above is photoacoustics \[[@bib0055], [@bib0060], [@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090]\]. Photoacoustic (PA) techniques are based on the non-radiative relaxation of absorbed photons into the heat and then into sound due to a short thermoelastic expansion followed by constriction. PA-based methods are less sensitive to light scattering and autofluorescence than fluorescence-based approaches, provide label-free visible and NIR imaging of blood vessels using hemoglobin as endogenous high-contrast PA agent and use low safe-for-human laser energies. This combination of parameters is beyond the capability of current angiographical and lymphographical methods. In preclinical and clinical studies PA methods (*e.g.*, PA tomography, PA mesoscopy, PA spectroscopy and PA flow cytometry) have already demonstrated great promise for advanced noninvasive diagnosis of lymphatic and blood systems through skin *in vivo* \[[@bib0055], [@bib0060], [@bib0065], [@bib0070],[@bib0090], [@bib0095], [@bib0100], [@bib0105], [@bib0110]\]. Recently, ICG-based PA imaging (PAI) was successfully used for simultaneous mapping of lymphatic vessels and surrounded veins in a whole forearm and lower leg of patients with lymphedema \[[@bib0115]\]. Despite these promising results, one of the important limitations of PAI is the imaging depth *in vivo*.

Based on our previous studies \[[@bib0105],[@bib0120], [@bib0125], [@bib0130], [@bib0135], [@bib0140]\] and results from other groups \[22, [@bib0145], [@bib0150], [@bib0155], [@bib0160], [@bib0165], [@bib0170], [@bib0175], [@bib0180], [@bib0185]\], this challenge can be overcame by tissue optical clearing (TOC), which is based on the use of optical clearing agents (OCA) with a high refractive index. OCA can diffuse into the tissue and partially replace water. This replacement minimizes the differences in refractive indexes of tissues and extracellular fluids that results in decrease of tissue scattering, especially in skin \[[@bib0190]\]. This effect leads to strong enhancement of PA signal amplitudes from PA-contrast tissues and fluids (*e.g.*, blood) *in vivo*, that was demonstrated in both preclinical and clinical studies \[[@bib0105],[@bib0130],[@bib0140]\]. However, common TOC diagnostic protocols are based on the pre-treatment with OCA that increase time of a procedure; and commercially available PAI instruments (*e.g.*, iThera Medical GmbH., Germany) still offer use of the water tank or ultrasound (US) gel to achieve acoustic wave coupling between tissue and detector \[[@bib0140]\]. Taking into account (1) good propagation of acoustic (i.e. PA) signals by OCA solutions and (2) some TOC effect of US gel \[[@bib0190]\], we suggested that increasing depth of commercial PAI can be achieved without prolongation of detection time by using TOC during PAI procedure ([Fig. 1](#fig0005){ref-type="fig"}). Here we demonstrated that replacement water in the tank of raster-scanning optoacoustic mesoscope (RSOM; iThera Medical GmbH) by the mixture of OCA and US gel provides one-step PAI procedure with increased imaging depth. As an example, we showed the advantages of RSOM & TOC approach for preclinical lympho- and angiography of a mouse limb *in vivo*.Fig. 1Schematic of RSOM system and experimental protocol.Fig. 1

2. Materials and methods {#sec0010}
========================

2.1. Materials {#sec0015}
--------------

Poly-[l]{.smallcaps}-arginine hydrochloride (Mw = 15--70 kDa) (PARG), bovine serum albumin (BSA), fetal bovine serum, silver nitrate (99.99 %), tetrachloroauric acid (\>99 %), sodium borohydrate (96 %), phosphate buffer solution (PBS), hydrochloric acid, calcium chloride dehydrate, anhydrous sodium carbonate, sodium chloride were purchased from Sigma-Aldrich (USA). Dextran sulfate sodium salts (MW =100 kDa) (DEX), sodium hydroxide (99.8 %), ethylene diamine tetraacetic acid disodium salt (EDTA), hexadecyltrimethylammonium bromide (CTAB, 96 %), isoascorbic acid (IAA, \>99 %) were purchased from Fluka. Sulfo-Cyanine 5 (Cy5) was purchased from Lumiprobe LLC (USA). ICG was purchased from Dynamic Diagnostics (USA). US gel «Aquasonic» was purchased from Parker laboratories, Inc. (USA), Glycerol (99.4 %) was purchased from «El groups» (Russia). All chemicals were used as received without further purification. Deionized (DI) water (specific resistivity higher than 18.2 MΩ cm) from Milli-Q plus 185 (Millipore) water purification system was used to prepare all solutions.

To calculate the volume fraction of glycerol in the solution, the Gladstone-Dale formula was used \[[@bib0195],[@bib0200]\]:where nGlyc is the refractive index of the investigated glycerol solution (measured experimentally); nWater is the refractive index of water (measured experimentally); nPure glyc glyc is the refractive index of pure glycerol (value 1.4744 according to GOST 6259-75 \[Russian State Standard\] at the wavelength of 589 nm, 20 °C).

The refractive index of a solution of glycerol and water was measured on a multiwavelength Abbe refractometer DR-M2/1550 (Atago, Japan) using narrow-band interference filters for wavelengths of 546 nm and 589 nm with an accuracy of ± 0.0002 at 20 °C. The refractive index of the studied glycerol solution was 1.4754 for 546 nm and 1.4736 for 589 nm, water - 1.3343 and 1.331, respectively. The volume fraction of glycerol calculated by the formula (1) in the investigated solution was 99.4 %.

2.2. Preparation of multilayer nanocomposites (MNCs) {#sec0020}
----------------------------------------------------

MNCs were synthetized using the layer-by-layer assembly method. Specifically, spherical porous vaterite particles with an average diameter of ∼3--4 μm were synthesized as we previously reported \[[@bib0205]\]. As a separate procedure, BSA-ICG solution (1 mL, BSA \[0.5 mg/ml\]: ICG \[0.55 mg/ml\], 1:2 \[v/v\]) was diluted with water (1 mL), mixed with calcium chloride solution (1 M, 0.65 mL) followed by injection of 1 M sodium carbonate (0.65 mL) under vigorous agitation for 1 h. Vaterite particles were isolated by centrifugation (1 min, 3′000*g*) and double washed with DI water (2 ml).

To synthetize gold nanorods (GNRs), seed gold particles were prepared by adding water solution of sodium borohydride (10 mM, 0.6 mL) to a mixed aqueous solution of CTAB (0.1 M, 10 mL) and HAuCl~4~ (10 mM, 0.25 mL). For preparation of GNRs with the aspect ratio ∼4, solutions of silver nitrate (4 mM, 20 mL), HAuCl~4~ (10 mM, 50 mL), IAA (80 mM, 10 mL), HCl (1 M, 10 mL), and gold seed solution from the previous step (10 mL) were sequentially added to CTAB solution (0.1 M, 900 mL) under stirring. The nanorods were grown overnight without stirring at 30 °C. GNRs were separated by centrifugation (12′000*g*, 60 min) and resuspended in water. Final concentration of Au in the sample was 0.5 mM as determined using extinction spectra of Au \[[@bib0210]\].

MNCs were obtained by sequential adsorption of PARG (0.5 mg/mL in 0.15 M NaCl, 1 mL), DEX (1 mg/mL in 0.15 M NaCl), GNRs (0.75 μg/mL) and ICG (0.55 mg/ml) onto the surface of vaterite particles. Then vaterite cores were dissolved in EDTA solution (0.2 M) resulting in shell MNCs. After each adsorption step, as well as after dissolution of the cores, the suspension of MNCs was purified by centrifugation (1 min, 3000*g*) and double washed with DI water (2 ml). As a result, MNCs were prepared with the following layer structure: (PARG/DEX)(PARG/ICG)(PARG/DEX)(GNR/DEX) and loaded with BSA labeled with ICG. The concentration of MNCs in resulted suspension was measured with counting chamber (*i.e.*, hemocytometer). The measurements of the ζ-potential were performed using a Zetasizer Nano ZS instrument (Malvern Instruments Ltd, UK).

2.3. Phantom measurements {#sec0025}
-------------------------

To prepare a phantom, we filled a hollow plastic tube with the solution of a PA contrast agents (MNCs, GNR, ICG, lymphazurin and Cy5, 1 mg/ml) and sealed both ends with parafilm **(**Fig. S1). RSOM images of all phantoms were obtaines were triplicated for each sampleS. We avoided dividing detected US frequencies into smaller sub-bands during the reconstruction process. Instead of that, we used mean pixel intensity for analysis of each ROI or phantom.

2.4. PAI of blood and lymphatic vessels in mouse limb *in vivo* {#sec0030}
---------------------------------------------------------------

Experiments *in vivo* were performed in accordance with the ethical standards of the responsible committee on human and animal studies (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2008. The protocols were approved by Animal Ethics Committee at Saratov State Medical University.

Mice (BALB, 4--6 weeks of age, 20--22 g of average weight) were purchased from Andreevka Nursery (Russia). For PAI, we used RSOM in epi-illumination mode. First, animals were anesthetized with isoflurane using standard procedure, and fur in the area of interest was removed with a hair removal cream, (Veet®, Reckitt Benckiser Japan Ltd., Tokyo, Japan). Then mouse was fixed on a heated stage (37 °C) of mesoscope using the protocol provided by iThera Medical GmbH. Fixation and adequate anesthesia were provided over a total time of the experiment. The laser beam was positioned in a middle part of the shaved area of the limb and, then, US transducer was positioned slightly above the skin close to the point of detection. For coupling of acoustic waves, the tiny space between skin and transducer was gently filled by different agents including water, US gel, mix of 30 % US gel and 70 % glycerol, and 99.4 % glycerol. Immediately after this procedure (similar to the conventional RSOM procedure), serial RSOM images of the same area of the limb were obtained every 15 min during 60 min. The scanner illuminated the tissue with a fast monochromatic nanosecond laser (1 ns, 1 kHz, 1 mJ pulse energy at 532 nm). The laser light source was combined with the US detector into a single scan unit using a two-arm fiber bundle. The PA signals were measured with a 50 MHz spherically focused detector (US transducer). The scan was performed in a continuous-discrete mode or using 20 μm raster step. The typical scan took ∼5 min of 6 × 6 mm^2^ field. For some images, the acquired signals were divided into 2 frequency bands, 10--33 MHz (low) and 33--99 MHz (high), color-coded in red (low frequency) and green (high frequency) and reconstructed into combined images. All obtained PA images were analyzed using ImageJ software. Regions of interest (ROIs) were manually selected to quantify the PA signals from blood or lymphatic vessels or phantoms. For vessel analysis, we also estimated the area value of each ROI. A maximum intensity projection (MIP) was used to reconstruct the 3D image. To analyze each line in the MIP, we used ImageJ to convert the MIP image to an 8-bit TIFF file and measured the threshold area in the stacks in the ROI manager. ROIs were used to measure the threshold area on each line.

To visualize lymphatic vessels and test drug-delivery capability, 20 μl of mixture of Cy5 dye (1 mg/mL) and MNC (2⋅10^8^ particles/mL) solutions were injected in ratio 1:1 into an interdigital space of footpad without touching the detector-illumination unit and moving the mouse.

In selected experiments, the 70 % glycerol (mixture of 99.4 % glycerol and physiological solution, ratio 7/3, v/v) was intradermally injected in the projection of ROI.

2.5. Fluorescent tomography {#sec0035}
---------------------------

Before the procedure, animals were anesthetized using isoflurane. The mice were imaged before injection of contrast agents and in 1, 5 and 24 hrs after injection using *in vivo* Imaging Systems (IVIS) Spectrum CT (Xenogen Corp., USA) by using excitation/emission at 640/680 nm for imaging Cy5 and 710-760/810-875 nm for imaging ICG in MNCs. Fluorescence photons were quantified with Living Image software (Xenogen Corp., USA).

2.6. Statistical analysis {#sec0040}
-------------------------

Data for each endpoint was analyzed within a group as means and standard errors (SE), then compared. The statistical significance of the data was analyzed using an unpaired Student\'s *t*-test in GraphPad Prism 8.0. The differences were considered statistically significant if *p*value was ≤ 0.05. To ensure robust and unbiased results, *in vitro* measurements were triplicated, and *in vivo* studies include 5 mice per an experiment.

3. Results and discussion {#sec0045}
=========================

3.1. Selection of lymphographic PA contrast agents using vessel phantoms {#sec0050}
------------------------------------------------------------------------

Visualization of PA-transparent lymphatic system with the RSOM requires injection of exogenous PA contrast agents. Physiology of initial lymphatic vessels and one-way lymph flow provide quick (within minutes) and efficient uptake of dyes and nanoparticles and transporting them to the nearest (*i.e.*, sentinel) lymph nodes after local injection into a tissue of interest. This natural lymphatic function is widely used for mapping of lymphatic system (lymphography) in preclinical research and clinical diagnosis.

To optimize PA lymphography with RSOM, we tested various PA contrast agents using a lymphatic vessel phantom, which represented a tube with PA transparent walls ([Fig. 2](#fig0010){ref-type="fig"}a**, S1**). The spectrum of PA contrast agents included: (1) clinically-approved ICG (λ~Ex/Em~ = 780/800 nm) and lymphazurin (λ~Ex/Em~ = 650/680 nm), (2) Cy5 dye (λ~Ex/Em~ = 649/670 nm), and (3) low toxic GNRs (maximum absorption at 820 nm and smaller peak at 532 nm). Among others, the advantage of ICG and Cy5 is that both of them can be used simultaneously for PAI (RSOM, 532-nm laser) and fluorescent tomography (IVIS). RSOM images of the phantom tubes were obtained before and after filling the tubes with each contrast agent to exclude initial (background) signal. As expected, the strongest PA contrast was observed for Cy5 dye ([Fig. 2](#fig0010){ref-type="fig"}b,c), while the signal from ICG and GNRs was lower. In order to assess feasibility of RSOM to monitor lymphatic drug delivery with PA-contrast cargos, we also explored MNCs. Our recent studies showed that MNCs, containing layers of ICG and GNRs are promising candidates as PA contrast drug cargos due to their low toxicity and efficacy of intracellular uptake \[[@bib0215],[@bib0220]\]. Here we obtained that phantom with MNCs can be robustly detected by RSOM instrument ([Fig. 2](#fig0010){ref-type="fig"}b). However, the intensity of PA signal was relatively low due to non-optimal wavelength of the existing RSOM to detect ICG. Further using of multi-wavelength RSOM and other PAI technological platforms could optimize imaging and resolve this problem. Nevertheless, the important conclusion from our pilot measurements is that RSOM can be used for high resolution PA imaging of lymphatic vessels.Fig. 2Vessel phantom *in vitro*. (a) Microscopic optical image of empty phantom. (b) PA images of empty phantom and phantoms filled up by MNCs, Cy5, lymphazurin (Ly); GNR and ICG dye obtained using RSOM. (c) Quantitative analysis of the detected PA signal from different phantoms.Fig. 2

3.2. Integration of lymphography and angiography with high resolution 3D-PAI *in vivo* {#sec0055}
--------------------------------------------------------------------------------------

In our *in vivo* study, we optimized PAI for the mouse limb as a clinically relevant model ([Fig. 3](#fig0015){ref-type="fig"}a) \[[@bib0225]\]. First, PAI of the mouse limb blood vessels was obtained using RSOM protocol with water as a conventional coupling medium between the PA transducer and skin. Since hemoglobin has a high absorption at 532 nm, we imaged blood vessels in a label-free manner. Scanning was performed in a continuous, discrete mode for a 6 × 6 mm^2^ field. Usually, the conventional through-skin RSOM imaging provides well-satisfied 3D mapping of blood vessels at the depth of 0.7--1.3 mm ([Fig. 3](#fig0015){ref-type="fig"}b). This distance also includes the space between transducer and skin (0.2-0.3 mm), so real imaging depth was only ∼1 mm from skin surface. In this area, the post-processing analysis provided distinguishing large and small vessels by frequency and color-coding them by red (large vessels) and green (small vessels) ([Fig. 3](#fig0015){ref-type="fig"}c). Notably, blood vascular network of healthy mice was not significantly changed over 60 min of RSOM monitoring (Fig. S2).Fig. 33D high resolution PA lymphography + angiography of mouse limb *in vivo*. (a) Scheme of the experiment. (b) 3D reconstruction of RSOM imaging of blood vessels of the mouse limb obtained by using water as a coupling medium. (c) XY scan of the same region as presented in panel "b" with color-coded distinguishing of blood vessels by size: red color = low frequencies (large structures); green color = high frequencies (small structures); yellow color = overlay. (d, e) Integrated images of lymphatic vessels (LVs; blue color) and blood vessels (BVs; red color) after local injection of Cy5 dye (d; XZ scan) and lymphazurin (e). (f) Fluorescence IVIS tomography of a whole mouse before (left) and after (right) footpad injection of mixture of MNCs and Cy5 dye demonstrating accumulation of MNCs (dark-red spot) in the area of a sentinel lymph node in 1 h post-injection; λ~Ex/Em~ = 780/800 nm, which is optimal for detection of ICG in MNCs. Scale bar in b--e = 0.5 mm.Fig. 3

In contrast to blood vessels, lymphatic vessels and nodes are PA transparent and their mapping requires introduction of contrast agents. Based on the results of our phantom study, we have chosen Cy5 dye as PA contrast agent for RSOM lymphography. Similar to clinical lymphography \[[@bib0230]\], we injected dye solution in tissue near and proximal of the detection area. The injection was carefully performed without touching the detector-illumination unit and moving the mouse, so that the images obtained before injection can serve as valid controls. The PA signal was quantified by differential image analysis before and after dye administration, that resulted in defining lymphatic vessels with diameter as low as 20 μm in 5 min after injection. Using post-processing analysis, lymphatic vessels were color-coded by blue in images ([Fig. 3](#fig0015){ref-type="fig"}d and e). Taken together with blood mapping, PAI allowed us to determine sizes and structural interrelationship between lymphatic and blood vessels in the studied area of the tissue in a living animal. We made additional efforts to confirm lymphatic uptake of the Cy5 dye by independent fluorescent imaging. Using fluorescent tomography in the mode of fluorescence and spectral separation, we were able to identify injection site and sentinel (the nearest to injection site) and other lymph node(s) ([Fig. 3](#fig0015){ref-type="fig"}f, S3).

A number of studies have indicated that lymphatic system provides advanced delivery path for therapeutic molecules, such as anticancer and anti-HIV-1 drugs that can result in their sustained targeted release into a tissue of interest such as lymph nodes \[[@bib0015]\]. As a potential low-toxic drug cargo, we explored MNC delivery into lymphatic system. Since control of lymphatic drug cargo delivery requires (1) lymphography to map lymphatic vessels and nodes; and (2) defining accumulation of cargos in lymphatic system, mainly, in lymph nodes, we co-injected Cy5 dye and MNCs in the footpad. First, we monitored 60-min local kinetics of these agents in limb tissue using RSOM. In a few minutes after injection, we received well-defined lymphatic vessels of the limb in the RSOM images (*i.e.*, PA Cy5-dye lymphography) that was likely associated with lymphatic uptake of Cy5 dye because small molecules of Cy5 dye spread much faster across the tissues and lymphatic system in comparison to larger MNCs. After RSOM imaging, pharmacokinetics of both contrast agents in a whole mouse body was obtained for 24 h with fluorescent IVIS imaging (Fig. S3). The different sets of excitation/emission filters (excitation 640 / emission 680 nm for Cy5 dye and excitation 780 / emission 800 nm for MNCs) were used to separate fluorescence of Cy5 from fluorescence of MNCs. As expected, Cy5 dye was quickly transported by lymphatic system, entered gastrointestinal tract in 1 h after injection (Fig. S3a, left) and continued to accumulate there during next few hours (Fig. S3a, middle). In 24 h, dye was excreted from organism that was confirmed by the absence of detectable fluorescence signals (Fig. S3a, right). In contrast, MNCs were accumulated only in the areas of local lymph nodes in 1 h after injection ([Figs. 3](#fig0015){ref-type="fig"}f and S3b, left). In 5 h, fluorescent brightness of lymph node area was enhanced that was likely associated with increased MNC concentration in lymph nodes (Fig. S3b, middle). Simultaneously, some MNCs were spread to gastrointestinal organs and accumulated there in 24 h (Fig. S3b, right).

Thus, for the first time to our knowledge, we demonstrated the feasibility of MNCs to serve as cargos for the targeted delivery of drugs into lymph nodes. The success of this pilot study together with the low toxicity of MNCs \[[@bib0205]\] provides an exciting potential for using MNCs for lymphatic drug delivery. Furthermore, the beneficiary approach of co-injection of lymphographic contrast agents and drug cargoes would allow using of PAI to control drug delivery and its targeted release *in vivo*.

3.3. Using OCA for acoustic coupling and optical clearing {#sec0060}
---------------------------------------------------------

Despite aforementioned advantages of RSOM for lympho- and angiography, the poor depth might limit its further clinical applications. Here we explored the new advanced approach to integrate PAI and TOC (RSOM & TOC) to increase the depth of PAI. Among various OCA agents, glycerol demonstrated good TOC efficiency and prolonged effective time. Glycerol is widely used in medicine and cosmetics \[[@bib0235]\]. Since FDA approved glycerol use in cosmetic products for human skin softening, clinical translation of topical application of glycerol on a skin for PA imaging looks highly realistic. This fact prompted us to choose glycerol as an OCA to reduce skin light scattering \[[@bib0105],[@bib0125], [@bib0130], [@bib0135], [@bib0140], [@bib0145],[@bib0180]\]. Based on our previous experience \[[@bib0125]\], the best TOC *in vivo* was achieved after intradermal injection of the glycerol. Here, 70 % glycerol solution (at room temperature) was intradermally injected into the area of RSOM imaging in mouse limb. The procedure was performed without any movements, while the detector was raised up and returned to initial position after injection. The 3D PAI after glycerol introduction showed significant elevation of the PA signal at all detected frequencies that significantly improved visualization of both small and large vessels. As shown in [Fig. 4](#fig0020){ref-type="fig"}a, the depth of resolved angiography was increased in 3--4 times. Furthermore, we observed interesting dynamics in PAI. In 5--15 min after glycerol injection, the main effect was associated with better imaging of the surface vascular network, predominantly small (green) vessels ([Fig. 4](#fig0020){ref-type="fig"}b, c). With the time elapsed, glycerol diffusion lead to temporal invisibility of superficial vessels in PAI, that allowed imaging of relatively deep vessels, which were stealth before or just after glycerol injection ([Figs. 4](#fig0020){ref-type="fig"}b,c, S4). It is important for *in vivo* application, that glycerol-induced "disappearance" of superficial small vessels was temporal (minutes after injection), reversible and local (a few mm^2^ area). The presumable mechanism of this phenomenon involves the slowing/stopping of local blood flow and optical clearing of blood cells inside the vessels. This effect of glycerol was previously described for arterioles, venules and capillaries \[[@bib0225]\], and its usefulness was suggested for improving laser surgery. Here we demonstrated that skin optical clearing in combination with reversible disappearance of superficial vessels open opportunity for high-resolution RSOM to image relatively deep and large blood vessels with no/minimal distortions. However, despite promises of injectable TOC for preclinical studies and its reversibility, the aforementioned changes of blood flow require further careful studies before this approach might be recommended for clinical translation.Fig. 4RSOM imaging and injectable TOC of mouse limb *in vivo*. (a) Increasing depth of detectable blood vessels in XZ scan in 5 min after intradermal injection of 70 % glycerol. (b, c) Effects of injectable TOC on RSOM imaging of the same limb area (XY scans) over 60 min of monitoring: conventional RSOM images of vessels before TOC; improvement in mapping of superficial small vessels in 5 min after glycerol injection due to skin clearing (bottom in \"b\" and middle in \"c\") and "open a window" for imaging of deep and large vessels in 60 min after injection as a result of double clearing of skin and superficial vessels (right in \"c\"). Scale bar = 0.5 mm.Fig. 4

To pursuit translation of RSOM & TOC approach to clinic, we tested TOC that includes non-injectable topical application of OCA on the skin surface as a safer method for human. To simplify and shorten PAI protocol with TOC, we used OCA instead of conventional coupling media (*e.g.*, water and US gel). To compare RSOM & TOC and RSOM alone, serial RSOM images of the same area of mouse limb were obtained over the time of 60 min using two conventional coupling media (water and US gel) and two OCA coupling media (pure glycerol and mixture of glycerol and US gel). In groups of mice with RSOM & TOC, each animal before OCA application received a conventional image using water that served as individual controls ([Fig. 5](#fig0025){ref-type="fig"}).Fig. 5*In vivo* effects of RSOM & TOC at the topical application of different OCAs on the skin surface of mouse limb during RSOM imaging procedure. (a) Comparative quantitative analysis (volume of 3D objects) for large (red color signal, left) and small (green color signal, right) vessels at the application of water, US gel, pure glycerol, and mixture of 70 % glycerol + 30 % US gel. (b) PA images (XZ scans) of the same limb area before (conventional RSOM imaging) and after 70 % glycerol + 30 % US gel TOC (RSOM & TOC imaging). Scale bar = 0.5 mm.Fig. 5

As expected, we did not obtained significant changes in RSOM images of mouse limb vessels during 60-min application of water ([Figs. 5](#fig0025){ref-type="fig"}a, S2). In the second group of mice, we replaced water by commercial and clinically-approved US gel that contains some amount of OCA. Serial RSOM images showed a slight improvement in image quality and a small increase in penetration depth ([Figs. 5](#fig0025){ref-type="fig"}a, S5). The application of pure glycerol also did not provide significant improvements ([Figs. 5](#fig0025){ref-type="fig"}a, S6). Finally, we used a mixture of glycerol and an US gel. Since the best TOC efficacy was reported for 70 % glycerol solution \[[@bib0240],[@bib0245]\], our mixture ratio of glycerol to US gel was 7:3 (v/v). By naked eye, this OCA made skin slightly transparent with better visualization of superficial blood vessels (Fig. S7). In RSOM, significant increasing of imaging depth was obtained in 5 min after topical application of glycerol with US gel. ([Figs. 5](#fig0025){ref-type="fig"}b, S8). Serial images during 60 min demonstrated that RSOM & TOC provided 1.5--2 -time deeper angiography than standard RSOM. The analysis of volume of 3D objects indicated the improvement of both large and small vessel visualization. The best results of RSOM & TOC were obtained in 5--45 min interval after initial application of the mixture of glycerol and US gel on the skin ([Figs. 5](#fig0025){ref-type="fig"}a, S8).

4. Conclusions {#sec0065}
==============

Our findings, for the first time to our knowledge, demonstrated that RSOM imaging can be significantly improved in depth and quality without prolongation of detection time by integration PAI with TOC in one procedure. Specifically, this can be achieved by using OCA solution instead of water (or US gel) for acoustic coupling during PAI procedure. In preclinical studies *in vivo*, we demonstrated the best RSOM images of mouse limb vascularity after topical application of 70 % glycerol with 30 % US gel between skin surface and transducer. We determined the optimal time interval for RSOM & TOC imaging ranging from 5 to 45 min after OCA exposure to skin. The main advantage of the RSOM & TOC approach is the synergy of two effects that are in demand for PAI: (1) good coupling between transducer and skin for propagation of acoustic signals; and (2) TOC to minimize skin light scattering, which is the main challenge for deep imaging *in vivo*. These benefits together with using OCA components, which are safe and validated for topical application on human skin, might provide quick clinical translation of PAI with TOC. Specifically, high-resolution 3D RSOM & TOC imaging may be useful for defining interrelation of blood and lymphatic macro- and micro-vessels in local lesions, including diagnosis of vascular disturbances inside of skin pimples, tumors, malformations and nevus. The unique two-phase changes in RSOM images were obtained after intradermal injection of 70 % glycerol (so-called injectable TOC). Highly-improved imaging of superficial small vessels shortly (∼5 min) after injection as a result of skin clearing switched on invisibility of this vascular network due to possible involvement of small vessels in clearing process; and thereby "open a window" for RSOM imaging of deep and relatively large blood vessels. This effect was reversible and lasted ∼10-15 min that was enough for RSOM imaging, at least, on small animals. The capability of RSOM imaging was extended by integration of angiography and lymphography, which is important for diagnosis of lymphedema, venous insufficiency, vascular malformation, cancer and many other diseases. Furthermore, local co-injection of contrast dye for visualization of lymphatic vessels and MNCs as potential drug cargo showed feasibility of using PAI to control targeted lymphatic drug delivery to lymph nodes and drug release there *in vivo*.

It is important that presented approaches can be used not only in RSOM but in any in-house or commercially available PAI platforms for improving diagnosis, prognosis and outcomes of metastatic tumors, malformations, lymphedema and other diseases.

Thus, obtained results open clinically relevant perspectives for deep 3D-PA angio- and lymphography with a potential for PA-controlled targeted lymphatic drug delivery.
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